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Abstract
The effect of filament twist pitch length on AC-loss induced normal zone propagation in
adiabatic coils wound with composite NbTi superconductor was investigated. Two test
coils were constructed. They were identical in shape, dimensions, and other parameters,
the exception being the conductor's filament twist pitch length. One had a twist pitch
length of 10 mm and the other had a twist pitch length of 100 mm. Each coil was subjected
to time-varying excitations, both transport current and external magnetic field.
Measurements indicate that the AC-loss heating, as expected, is greater in the coil wound
with 100-mm twist pitch length conductor than in the other coil. More importantly, they
indicate that AC losses can significantly promote and accelerate normal zone propagation in
adiabatic magnets and that filament twist pitch length may play a critical role in protection of
the magnets.
The experimental results are compared with simulation results. The simulation model
includes the inter-filament coupling AC loss as a key component of dissipation in the
quench process of a coupled multi-coil system. Excellent agreement between experiment
and simulation validates the model. The agreement emphasizes the importance of coupling
loss in normal zone propagation and suggests filament twist pitch length as a critical
parameter for coil protection.
Thesis Supervisor: Dr. Yukikazu Iwasa
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Chapter 1
Introduction
1.1 Superconductivity
The phenomenon of superconductivity was discovered in mercury samples by the
Dutch physicist Heike Kamerlingh Onnes in 1911 while studying the resistivity of metals at
low temperatures. He found that the resistance of the mercury samples dropped sharply at
4.15 K to an unmeasurably small value. This absence of resistance is called
superconductivity, and is considered to be the fundamental property of superconductors.
Soon after the original discovery by Kamerlingh Onnes, a great number of metals, alloys,
and intermetallic compounds were found to exhibit superconductivity below the
characteristic temperature of each material, called the critical temperature, T,.
Just as there is an upper limit to the temperature (T,) for superconductivity, there are
upper limits to the magnetic field (called critical field He) and to the electrical current (called
critical current density Jj). These three critical parameters - temperature, magnetic field,
and current density - define the critical surface for the superconducting state. Figure 1-1
depicts the three parameters as a critical surface for a niobium titanium alloy (NbTi).
Below this critical surface the material exhibits superconductivity and above it the material
behaves like a normal conductor with finite resistance.
The critical temperature and critical field (or magnetic induction) are intrinsic properties
of material and cannot be improved by manufacturing process. Critical current, however,
is the property that can be improved significantly, for example, by metallurgical treatments
used in the fabrication of the wire.
Critical Current
Density (109 A/m2 )
Critical 10
Temperature (K' Critical
Induction (T)
Figure 1-1 Critical Surface of a NbTi alloy [1].
1.1.1 Type I and Type II Superconductors
In 1933, Meissner and Ochsenfeld discovered that when a magnetic field was applied to
a metal in superconducting state, the magnetic induction was completely expelled from the
interior of the sample. This magnetic induction expulsion is achieved by surface currents
which produce a magnetic field that cancels the applied field inside the superconductor.
This phenomenon of flux expulsion from the interior is known as the Meissner effect, and
is a property as fundamental as the property of zero resistance.
Superconductors are divided into two groups - Type I and Type II - depending on
the way magnetic induction is expelled from the material. In Type I superconductors, the
induction is completely excluded from the interior of the material for fields up to the critical
field, H. Beyond H. induction is no longer excluded. This behavior is illustrated in
Figure 1-2 by the magnetization curve for Type I superconductors: Type I conductors
exhibit perfect diamagnetism in the superconducting state.
0o
C4
0
:VI,
U
Hcl Hc Hc2
Superconducting MixedState Normal
State State
Figure 1-2 Magnetization curve for typical Type I and Type II
superconductors. Mixed state region for Type II materials is
shown [3].
Type II superconductors, however, are characterized by two critical magnetic fields,
designated as H,1 and H,2 in Figure 1-2. When the applied field is less than the lower
critical field H,1, there is no flux penetration just as for Type I materials. For fields above
the upper critical field H,2, the flux penetrates completely and the Type II superconductors
are in the normal state. However, for fields between these two critical values, the material
is still superconducting but it is in a mixed state, often referred to as the vortex state. Just
above the lower critical value HI,, the material begins to allow partial flux penetration in the
form of small tubes parallel to the field, as shown schematically in Figure 1-3. Each tube
consists of a normal core which is surrounded by cylindrical swirl of supercurrents that
screens the magnetic field in the core from the rest of superconducting region. As shown
in the side view of the diagram, the supercurrents distort the field by channeling it through
each normal core, leaving most of the material in the superconducting state. The magnetic
field penetrating the material is greatest at the core center and falls off exponentially outside
the core. As the applied field is increased, the number of tubes increases until the field
reaches the upper critical value H,2 when the sample becomes normal.
Because Type II superconductors remain superconducting up to H,2, this value is the
practical parameter from a design standpoint. Moreover, because it is typically much
higher than the critical field H, of Type I superconductors, Type II materials possess the
highest possible critical parameters, and thus are practical for magnet applications.
1.2 Superconducting Magnets and Applications
After discovering superconductivity, Kamerlingh Onnes envisioned its vast
technological potentials, including the construction of superconducting electromagnets.
Because the materials could carry current with no resistance, the magnets would be able to
generate high fields with no power consumption except that required for refrigeration.
However, such a revolutionary device did not come into practical existence because the
superconducting materials available at that time were of Type I. It was not until around
1960 when high-field, high current-carrying conductors based on Type II superconductors
were discovered that constructing practical superconducting electromagnets became
possible. These conductors were alloys, such as niobium-titanium (NbTi) and intermetallic
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Figure 1-3. Representation of the mixed state in a Type II superconductor.
The normal cores are represented by the dots, the
supercurrents by circles and the penetrating field by broken
lines [3].
compounds, such as niobium-tin (Nb3Sn) that often included elements which were by
themselves not superconducting.
Wound with these promising materials, performance of superconducting magnets is far
superior to that of conventional water-cooled magnets in terms of power consumption. A
15-T, 5 cm bore superconducting magnet, for example, requires only a few hundred watts
to operate, whereas an equivalent magnet wound with copper operating at room
temperature requires a few megawatts of power for steady-state operation. Furthermore,
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superconducting magnets offer additional savings with its smaller size and lighter weight
than those of copper magnets.
Superconducting magnets are used extensively today in many high-field applications.
They include large-scale electric motors and generators, magnets for controlled
thermonuclear fusion, magnetic energy storage, magnets for nuclear magnetic resonance,
magnets for high energy physics research, and magnetically levitated vehicles.
1.3 Stability and Protection of Superconducting Magnets
A superconducting magnet carrying a large amount of transport current is inherently
unstable. The heat capacities of materials decrease with temperature, and when a magnet is
operating at temperature close to absolute zero, even a slightest magnetic or mechanical
disturbance can generate local heating which can raise the temperature of a small volume of
conductor above its critical temperature. Current passing through this resistive region then
generates additional Joule heat, and by thermal conduction, causes the neighboring regions
to become normal. This in turn raises the temperature of more material, causing the normal
zone to propagate until the entire magnet is driven normal. Such a transition from the
superconducting state to the normal state is called a quench.
Stated in another way, quench can be described as conversion of the magnetic energy
stored in the electromagnet to the thermal energy. When a superconducting magnet is
carrying a high current, the magnetic energy stored is large, and serious problems can
occur during a quench if heat dissipation is concentrated in a very small region; the peak
temperature rise occurs at the quench initiation site. The temperature of this 'hot spot',
heated for the longest time, can rise up to the melting point of the conductor, causing
permanent, irreversible damage to the magnet.
Practical superconducting wires used in magnets are not made of large strand of
superconducting material, but rather made as composites consisting of many fine filaments
of superconductor embedded in normal metal matrix. A cross section of a typical
composite is shown in Figure 1-4. One of the main advantages this composite wire offers
is that it generates much less Joule dissipation than purely superconducting strands.
Because the resistivity of the matrix metal is considerably lower than that of the normal-
state superconducting filaments, the current flows away from the superconductor and into
the matrix during the quench process. The matrix metal, with its high thermal conductivity,
also is able to conduct heat away from the hot spot, helping to keep the temperature rise
modest. The result is smaller total heat generation in the entire composite.
Magnets wound with this composite structure, however, are not free from disturbances
in the winding that can trigger a quench. One of the sources of the disturbance is the
movement of the conductor when it is energized. The Lorentz force developed on the
conductor is responsible for this conductor motion. Unless the conductor is well secured,
the frictional heating may initiate a quench. One solution to this problem is impregnation of
the winding with epoxy resin to immobilize the conductor. By allowing epoxy to fill the
void space within the winding, the winding may be transformed into a monolithic
structure.
Epoxy impregnated windings, however, have a drawback of having no cooling
passages within the winding. Once quenching is initiated, it cannot be reversed because
there is no cooling in the winding, and the heat generated in the normal zone can only
propagate throughout the winding. Hence these epoxy impregnated magnets are referred to
as adiabatic magnets. They are especially vulnerable to damage during a quench because
the epoxy has relatively low thermal diffusivity and slows down the heat conduction to the
external surface. "Protection" of adiabatic magnets is accomplished by dividing the
winding into several sections and shunting each sections with a resistor whose resistance is
significantly lower than the normal-state resistance of the section. The division and
shunting reduce the terminal voltages during a quench by limiting current flow in the
winding and thus help prevent excessive temperature rise in the winding.
Superconducting Filaments
O O ONon-Superconducting
Metal Matrix
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Figure 1-4. Cross-sectional view of a typical superconducting composite
with stabilizing normal matrix.
1.4 Thesis Overview
Chapter 2 introduces the theoretical background of AC losses in superconductors.
Origin of the losses is studied in detail and the magnitude of the losses is presented.
Chapter 3 describes the magnet system used in the experiment and discusses the
experimental technique employed to investigate the dependence of AC losses in the magnet
on the filament twist pitch length of the conductor. In addition, a theoretical model
developed to predict AC-loss induced quench behavior is presented, and comparison of
simulated and actual results is made. Chapter 4 concludes the issues discussed in the
previous chapters.
Chapter 2
AC Losses in Superconductors
Although a composite superconductor behaves superconductively under DC excitations
of current and field, under AC excitations dissipation occurs within both the
superconducting filaments and the normal metal matrix. Although these losses are much
smaller in magnitude compared with those in a copper wire at room temperature, they occur
at the temperature close to absolute zero. Because even slightest dissipation occurring at
these low temperatures can easily heat the superconductor above its critical temperature,
losses associated with AC excitation must be kept minimal in order to maintain thermal
stability within the adiabatic winding.
There are three types of AC losses in a composite conductor : hysteresis loss occurring
in the superconducting filaments, and coupling loss and eddy current loss occurring in the
normal metal matrix.
2.1 Hysteresis Loss
It was noted earlier that in the mixed state, both the normal and superconducting
regions coexist within the superconductor. When it is subjected to time-varying transport
current or external magnetic field, the flux lines in the normal core experience Lorentz
force and move in the direction perpendicular to the applied current and field. This motion
of flux in turn leads to resistive heating in the normal region of the conductor. Figure 2-1
shows this phenomenon on a microscopic scale. Suppose an externally applied current is
introduced to the vortex of supercurrents circulating the normal core in the direction shown
in the diagram. In region A, the addition of applied current and the supercurrent will
Applied
Current Circulating
Supercurrent
Figure 2-1 A flux vortex in mixed region of a Type II material exposed to
externally applied current. The motion of the vortex is
perpendicular to the direction of the applied current [3].
exceed the critical current of the superconducting material and in region B, the cancellation
of the two will decrease the current below the critical value. As a result, region A, initially
superconducting, is driven normal and region B, initially part of normal core, becomes
superconducting. The net result is that the vortex moves upward, in the direction
perpendicular to the applied current. This vortex motion, also known as flux flow,
dissipates energy due to resistive heating in the normal core, raising the temperature of
conductor under the adiabatic condition. Because the critical current density decreases with
increasing temperature, more flux will penetrate through the sample, generating more heat,
which in turn decreases Jc further, and so on. If this power dissipation rate is large
enough, the superconductor will be heated above its critical temperature.
Hysteresis loss is generated when the conductor is subjected to time-varying field
and/or current. A changing field induces electric field in the superconductor, and the
induced electric field interacts with the vortex supercurrents. For a mutifilamentary
composite conductor carrying a DC current of I, and subjected to a time-varying externally
field, the hysteresis loss per unit volume, Qh,,, is given by
Qh = 2 1+I JcAB (2.1)
where Ic is the superconductor's critical current, Jc is the critical current density, asc is the
radius of each superconducting filament, and AB is the change in the external magnetic flux
density. Equation (2.1) suggests that the hysteresis loss can be reduced by using small
filament diameter. However, the filaments cannot be fabricated uniformly in sizes below
about 1 gm in diameter, and thus there is a lower practical limit on the magnitude of the
hysteresis loss.
2.2 Coupling Loss
As noted in Section 1.3, superconductors are often made of fine filaments embedded in
a normal metal matrix, such as copper. Unfortunately, the presence of the normal metal
matrix between filaments can lead to heat dissipation if the conductor is exposed to a time-
varying magnetic field. According to Faradays' Law of induction, changing external field
induces voltage around any closed path to drive currents across the resistive matrix from
one filament to another, generating Joule heating in the matrix. Such dissipation is called
coupling loss, and is caused by these inter-filamentary currents set up across the copper
matrix. Unless precautions are taken, coupling currents can have a significant contribution
to the AC losses.
Consider the simple case of a normal conductor between two slabs of superconductor
as shown in Figure 2-2a. If a changing magnetic field is applied parallel to the broad faces
of the structure, induced current will flow roughly as shown. The total current (per unit
length in the z-direction) in one of the superconducting slabs at distance x from the center
of the slab can be calculated to be
I(x) = b(L 2 4 xx2) (2.2)2p m
where B is the rate of field change, L is the length of the slab, and pm is the matrix
resistivity. The maximum current the superconductor can hold is Ic = aJc and occurs at x =
0. The length of the slab that corresponds to this critical state is then
- 8ap mJc  (2.3)
If the sample length L is longer than L4, the induced currents driven by the change in
magnetic field will fill the whole cross-section of the slab and all of this current will cross
the matrix as shown in Figure 2-2a. For sample lengths shorter than L4, the coupling
currents will not fill the whole cross-section: only a fraction of it will cross the matrix and
the rest will recirculate in the superconductor as shown in Figure 2-2b. This phenomenon
clearly suggests that the decrease in the conductor length decreases the resistive heating in
the matrix. Coupling currents create a problem because most of the practical conductor
lengths are longer than Lc.
In multifilamentary composite conductors, where the arrangement of superconducting
filaments and normal matrix is vastly different from the simple structure shown above, the
coupling loss can be minimized by twisting the filaments. A changing external field then
gives rise to induced currents which reverses its direction every half twist pitch as shown in
the two-filament model of a multifilamentary composite conductor in Figure 2-2c.
Analogous to the critical length of the conductor in the slab structure is the critical twist
pitch length of filaments, Ic, above which the coupling currents saturate the filaments (fully
coupled state) and below which only part of the currents flow across the matrix (partially
L> Lc
(a)
L< Lc
Superconductor
Normal
Conductor
Superconductor
Induced Currents
(b)
Twist Pitch,p 
-"
(c)
Figure 2.2 Representation of coupling currents induced in (a) sandwich of
normal conductor between two slabs of superconductor having
length longer than the critical value Lc (b) slab length shorter
than Lc. (c) Decoupled currents in twisted superconducting
filaments with pitch l. The changing field is directed into the
page [1].
coupled state). This critical length of twist pitch is dependent on the rate of change of
magnetic field B, the filament diameter DP the critical current density Je, and the effective
matrix resistivity Pe, and is described by [1]
DJ =LJcPe (2.4)B
The effective matrix resistivity p,, is related to the flow of current perpendicular to the axis
of filamentary conductors and lies in two extremes. If the contact resistance of the
filament-matrix interface is small, the induced transverse current is drawn into the filament
and pass through it in the direction perpendicular to the filament axis. The effective
resistivity for this case is
P, = Pm (2.5)
where p, is the matrix resistivity and A is the volumetric fraction of the superconducting
filaments in the composite conductor. On the other hand, if the contact resistance of the
interface is high, the transverse current will tend to flow around the filaments, seeking the
lowest resistance path. In this extreme, the effective resistivity is
(1+43Pe, = p<1 J (2.6)
During the fabrication of brittle superconducting compounds, such as Nb 3Sn into
composite wire, a. heat treatment is given that fuses the superconductor and the metal
matrix. This chemical process results in superconducting filaments short-circuiting the
resistive matrix. Hence, Equation (2.5) suitably describes the effective resistivity for such
composite wires. Ductile superconducting alloys such as NbTi are fabricated into
composites by using wire drawing procedures. Because a high resistance layer is formed
at the interface of the filaments and the matrix, Equation (2.6) is a reasonable
approximation for the effective matrix resistivity of NbTi composites.
The coupling power loss density, P,,, (W/m3), for multifilamentary composite exposed
to changing magnetic field B is expressed as
2B2
P = 2b (2.7)
where ,p, called the coupling time constant, is a measure of the decay rate of induced
coupling current in the conductor. It is related to the twist pitch length 1, and the effective
matrix resistivity Pe, by
p) = 2 (2.8)
"' 8 r2Pe
The higher the decay time constant, the longer the inter-filamentary currents will last, and
thus the greater the resistive heating in the matrix. Combining Equations (2.6), (2.7), and
(2.8), the coupling power density becomes
1 -- (1 / Blp2
PC, = -l I2J < ) (2.9)
The square term in Equation (2.9) indicates that the coupling loss is strongly dependent on
the filament twist pitch length and the time-varying magnetic flux density.
2.3 Eddy Current Loss
Eddy current loss refers to the Joule heating in the normal metal matrix due to induced
currents driven by transient magnetic fields. Unlike the coupling losses in which coupling
of the filaments are involved, eddy current loss results from the induced currents that
circulate within the matrix only. For a conductor with rectangular cross section shown in
Figure 2-3, the power density for the eddy current losses, P,(W/m3), is calculated as
P, = [(a)2 +(bb) 2]12p, (2.10)
where B and B, are the components of rate of change in external magnetic flux densities
perpendicular to conductor's sides with dimensions a and b, respectively.
Ba
----a
- U
Figure 2-3 A conductor with rectangular cross section subjected to time-
varying magnetic field in two principal directions [7].
2.4 Total AC Losses
Three distinguishable AC losses in multifilamentary composites are discussed and the
magnitude for each is presented independently . Hysteresis loss occurs within the
superconducting filaments due to the existence of nonsuperconducting regions in a sea of
superconductivity. Coupling loss and eddy current loss are another form of Joule heating
generated within the normal metal matrix. Each source can be minimized in a different
way: hysteresis loss by reducing the filament diameter and the coupling loss by tightly
twisting the filaments. However, a magnet designer is still faced with the lower limit on
these losses, for the filaments cannot be fabricated uniformly in diameter sizes below lIgm
and the filaments in tightly wound wire can easily be damaged during handling.
Having determined the magnitude of individual loss, the total AC losses can be
evaluated by simply adding them together. However, the actual total loss is usually less
than the added figure because there exists interaction among the losses which always seems
to reduce the total loss. Although it is difficult to quantitatively determine the degree of
dependence among each losses, the calculation obtained from straightforward addition of
individual components will provide a conservative design figure [1]. Adding the three
individual losses gives
Ptot = -(hs) +·P + Pe (2.11)
and after substituting Equations (2.1), (2.9), and (2.10), the total losses become
P, = -Q ,•) + + 12p [(aa) + (bb) 2 ] (2.12)p.( I+ ( 27r 12p.
It will be shown later that for the test coils designed for this research, the coupling losses
dominate the other two by orders of magnitude and hence the contribution of hysteresis and
eddy current loss to the total AC losses can be ignored in the analysis.
Chapter 3
Experiment and Simulation
The purpose of this thesis is to investigate the relationship between the filament twist
pitch length and AC losses in adiabatic superconducting magnets. Two identical coils
having same material and dimensions but differing only in the filament twist pitch were
built and the behavior of each coil subjected to AC-loss induced quench were compared.
The experimental results were also compared with a theoretical model, developed by
Takeuchi.
3.1 The 'Magnet Design
Figure 3-1 shows the cross sectional view of the magnet system consisting of three
coils, each wound with NbTi composite superconductors. Each coil is impregnated with
epoxy resin. The: innermost coil, Coil 1, is the test coil; two Coil l's were wound, each
with a conductor having a different twist pitch length (see Table 3-1). Coil 3 is wound
directly over the outermost layer of Coil 2 so that the normal zone in one coil can propagate
into the other by the means of thermal diffusion. Coil 2 and Coil 3, together with a
stainless steel heater wrapped around the outermost layer of Coil 3 at the midplane, can
generate a time-varying magnetic field on Coil 1. If the heater is activated while the outer
two coils are carrying a steady DC current under a superconducting state, a normal zone
may be initiated in Coil 3 at the heater location. This normal zone propagates throughout
the entire Coil 3 and proceeds further into Coil 2. During this quench process, much of the
magnetic energy is converted into Joule heat dissipation and thus the magnetic field
produced by these coils will sharply decrease. Coil 1 will thus experience this change in
external field and depending on the magnitude of the AC losses generated in the coil,
quench may be induced. Since Coil 1 is thermally isolated from other coils, it can be
quenched only by the AC losses originating from the time-varying magnetic field. Table
3-1 lists the specifications of each coil.
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Coil 1 Coil 2 Coil 3
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Figure 3-1 Cross sectional view of the magnet system comprised of three
solenoidal coils. Coil 1 is the test coil wound with a twist
pitch length in investigation. Coil 2 and 3 generate the time-
varying magnetic field on Coil 1.
Table 3-1 Coil Specifications
Parameter Coil 1 * Coil 2 Coil 3
Superconducting Material NbTi NbTi NbTi
Inner Radius of winding (mm) 27.0 41.1 49.6
Outer Radius of winding (mm) 30.2 49.6 60.8
Winding Height (mm) 94 100 100
Bare Conductor Cross Section (mm) 0.500 diameter 0.774 x 1.625 0.844 x 1.634
Insulated Conductor (mm) 0.533 diameter 0.850 x 1.701 0.932 x 1.722
Copper/Superconductor Ratio 1.3 4 6
Total Number of Turns 1022 577 685
Number of Layers 6 10 12
Total Length of Conductor (m) 180 166 242
Filament Twist Pitch Length (mm) 10; 100 25 25
* Parameters are same for two Coil l's except the filament twist pitch length
As stated above, two Coil l's were built with conductors, one having 10 mm and the
other 100 mm twist pitch length. These values were selected for a specific reason. As
mentioned in the previous chapter, there is a critical twist pitch length, 1, of
multifilamentary composite above which the filaments are fully coupled and below which
the filaments are only partially coupled. Therefore, composites with twist pitch lengths
greater than lc will have losses greater than those with twist pitch lengths less than 4l. The
expression of l, is again
(2.4)i K3D4JcPeyf
B
For the magnet system used in this experiment, the typical values may be
Filament diameter: D1 = 44.5 gtm
Critical current density (NbTi at 5 T): J, = 2.3 x 109 A/m 2
Effective resistivity: Pe = 0.76 x 10-9 Qm
Rate of change of field: B = 2 T/s
With these figures lc is found to be 35 mm. Taking this quantity into consideration, the
twist pitch length of 100 mm, which is well above 14, and 10 mm, which is well below Ic,
were chosen for the experiment. The length of 10 mm is virtually the practical lower limit
because conductors having pitch lengths shorter than this are susceptible to damage during
handling. Since there is an order of magnitude difference in the two selected twist pitches,
AC losses induced in coils wound with these twist pitch lengths are expected to differ
significantly.
An electrical circuit representation of the magnet system is shown in Figure 3-2. The
three coils are connected in series to a DC current supply. A shunt resistor made of
stainless steel is connected across the terminals of each coil. As described in Chapter 2, a
coil undergoing quench can easily be subjected to permanent heat damage if the current
flowing in the coil is not properly diverted. By shunting each coil with a resistor whose
resistance is appreciably smaller than the resistance of the coil in normal state, a major
portion of the current during quench will be channeled through the shunt resistor, thereby
protecting the superconductor from excessive voltages. Coil 1 is shunted by a 20 mQ
resistor and Coil 2 and Coil 3 by 10 mQ resistor.
According to Kirchoff's current law, the governing equation for the electrical circuit is
Vi(t) = (I - i(t)) (3.1)
where
1l(t)
2(t)
43i
?3(t)
Figure 3-2 Electrical circuit diagram of three coils. Each coil is shunted
and the coils are connected in series to a current supply.
Vi(t) = voltage across coil i
Si = shunt resistance attached to coil i
li(t) = current through coil i
Io = power supply current.
The total voltage developed across all three coils combined is equal to the power supply
voltage, Vo(t) , and they are related by the following expression
3
Vo(t ) = Vi(t) (3.2)
The relationship between the inductance and resistance of each coil can be expressed in a
matrix form as
dl
M + RI = V (3.3)dt
The elements of the matrices in the above equation are
M,,11 M12 M13  R, (t) 0 0
M = M21  M 22 M 23 , R = 0 R2(t) 0
M3 1 M32  M3 3  00 R,(t) (3.4)
I = 2 (t) , V = V2()
Ih(t)/ V (t)
where
Mij = mutual inductance of coil i with respect to coil j
Ri(t) = normal zone resistance of coil i at time t
The mutual inductance M,1 is equal to Mji if isj and is equal to the self inductance L, if i=j.
This property makes the matrix M symmetric.
3.2 Critical Current Measurement
Before conducting the AC-loss induced quench experiment, the critical current of the
magnet system is measured to determine its current capacity. Figure 3-3 is the schematic
diagram of the experimental setup. The coil and shunt resistor assembly is placed inside a
cryostat where cryogenic environment is to be maintained by a liquid-helium bath. The
inner chamber of the cryostat containing the magnet is surrounded by liquid nitrogen
environment at 77 K which in turn is surrounded by a vacuum chamber. This arrangement
substantially reduces the heat input from the outside environment to the cold inner chamber
and thus minimizes the liquid helium boil off.
The magnet is cooled with liquid helium transferred slowly from the tank to the
cryostat; under operating conditions the helium level is maintained above the coils. The
Liquid Magnet (Coils 1,2,3)
helium
Figure 3-3 Schematic representation of the experimental setup for critical
current measurement and AC-loss induced quench experiment.
coils are charged gradually (-3 A/s) by the DC current supply. The voltage signal across
the terminals of each coil is isolated by an amplifier and then recorded in digital form by
LabView data acquisition system driven by a Macintosh computer. It is sampled
continuously at a frequency of 800 Hz. During charging, only a small inductive voltage
proportional to dl/dt is observed. However, when the transport current exceeds the critical
current of one of the three coils, the coil becomes resistive, and a rapid rise in the voltage
signal is observed. At this point the current supply is shut off immediately. The recorded
voltage signals are then stored on the hard disk for later processing. The critical current
measurement was performed for two sets: one with Coil 1 wound with a 10-mm twist pitch
length conductor, henceforth called "l0-mm Coil l ", and the other with Coil 1 wound with
a 100-mm twist pitch length conductor ("100-mm Coil 1").
The results of critical current measurements are shown in Figure 3-4 where the voltage
signals of the three coils, numbered 1, 2, and 3, are plotted against transport current.
Figure 3-4a presents the data for the 10-mm Coil 1 and Figure 3-4b for the 100-mm Coil 1.
In each set of traces the three coils are superconducting until when Coil 1 is abruptly driven
normal. The transport current that corresponds to this abrupt rise in Coil l's voltage signal
is the critical current of Coil l's conductor. According to the traces, it is 188 A for the 10-
mm Coil I and 190 A for the 100-mm Coil 1. At these currents, the three-coil system
produced a magnetic flux density of 4.5 T on the innermost winding diameter and midplane
of Coil 1. The sudden drop in Coil 2 voltage accompanying quench in Coil 1 in both cases
is due to the opposing current induced in Coil 2 in an attempt by the system to keep
magnetic flux constant. Because the two Coil l's are made of the same conductors
differing only in filament twist pitch length, a difference of only 2 A in critical currents for
the two coils demonstrate that they possess essentially the same critical currents at
inductions of 4.5 T and vicinity. This confirms that the only major difference is the twist
pitch length.
It was noted in Section 1.1 that the higher the magnetic field, the lower the critical
current of a superconductor. Since the field distribution is not uniform over Coil 1, the
transition temperature also varies within the winding. In this three-coil system, the highest
field is located along the innermost radius on the center of Coil 1. Therefore, this location
is most likely the quench initiation site in the critical current measurements as well as the
most susceptible to quench by heating.
3.3 AC-Loss Induced Quench Experiment
In the AC-loss induced quench experiment, the coil assembly is cooled down in the
same manner as in the critical current measurements. It is then charged by the power
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Figure 3-4 Voltage-current trace of critical current measurement for (a)
10-mm Coil I and (b) 100-mm Coil 1.
supply to a desired operating current, with a slow current ramp rate near the critical current
to prevent a premature quench. After the coils are allowed to reach steady state at the
.desired current, quench in Coil 3 is initiated by means of a heat pulse deposited to the
heater wrapped around the outermost winding of Coil 3 at the center.
The quench behavior of the coils is recorded in terms of the voltage signal across the
terminals of each coil, sampled at a frequency of 1000 Hz. Throughout the quench, the
power supply output current is kept constant at the pre-quench value. The quenching is
completed within a few seconds. After the quench event, helium is transferred from the
tank to the cryostat to restore the liquid level. It took approximately twenty minutes to be
ready for the next event. Quenching events were repeated for both 10-mm Coil 1 and 100-
mm Coil 1 for different transport currents.
Figure 3-5a and Figure 3-6a show, respectively, voltage and current traces of quench
event for the 10-mm Coil 1 at a transport current of 150 A. The voltage traces are actual
data recorded with the data acquisition system. Since the supply current, Io, and each shunt
resistance, Si, placed across coil i, Si, are known, the current through coil i, I(t), can be
determined from Vi through Equation (3.1):
I (t) = Io  V(t) (3.5)Si
Time t=-0 is taken to be the quench initiation time of Coil 3. As Coil 3 becomes
increasingly more resistive, the coil current is diverted to the shunt resistor, resulting in a
reduced field generation. To make up for this loss of field, Coil 2, because it is more
coupled to Coil 3 than Coil 1 is, responds by carrying an increased current. This increase
in current through Coil 2 continues until point A (Figure 3-5b) at which time the normal
zone initiated in Coil 3 has reached Coil 2, initiating a quench in Coil 2. The net effect of
the field decrease in both Coils 2 and 3 in turn drives current up in Coil 1, subjecting it to
AC losses. The AC losses heat Coil 1, eventually leading to a quench. As marked by
point B (Figure 3-5b), Coil 1 quenched approximately 0.8 s after quench is initiated in Coil
3.
Based on the critical current data, Coil 1 has a critical current of 190 A at 4.5 T. In this
quench event, the peak field at Coil I at the time of quench, while it was carrying 170 A,
was 3.4 T. At 3.4 T, Coil 1 has a critical current significantly greater than 170 A. This
premature quench suggests that the heating effects of AC losses played a significant role in
initiating a quench in Coil 1.
The sharp drop in current at point B in Figure 3-5b indicates that the transition from the
superconducting state to the normal resistive state was achieved rapidly, at a rate much
faster than the Coil 2's or Coil 3's. Because AC losses in Coil 1 are generated throughout
the entire winding, the entire winding could be driven normal almost instantly, much faster
than the rate possible by means of normal zone propagation.
Figure 3-5b also indicates that Coil 1 current not only decreases rapidly, but also
becomes negative soon after t=-1 s. This is problematic because a negative coil current is
not permitted in this circuit. The source of this problem was found in an incorrect value of
the shunt resistor of Coil 1 in evaluating Equation (3.5)
i(t ) = Io  Vi(t) (3.5)
In computing I,(t) from Equation (3.5), the shunt resistor, Si, was assumed to be constant.
Each shunt resistor used in the experiment is flat, rectangular pieces of stainless steel strip
whose resistance is temperature-dependent. As Coil 1 undergoes an abrupt quench, a large
fraction of the coil current is diverted to its shunt resistor. This sudden rush of a large
current produces Joule heating in the shunt resistor, raising its temperature and thus its
resistance. Under the adiabatic condition, which is nearly met here, the temperature of the
shunt resistor as a function of time can be determined from the basic heat power equation
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Figure 3-5 Voltage and current traces of an experiment in which the coils
are allowed to carry steady DC current of 150A and quench in
Coil 3 is initiated. Coil 1 is wound with 100-mm twist pitch
length conductor.
dT V2(t) (3.6)Ch (T h  =- (3.6)dt S(T)
where Csh is the specific heat and msh is the mass of the stainless steel shunt resistor. The
left-hand side of the equation represents the time rate of change of internal energy in the
resistor and the right-hand side equals the rate of Joule heat dissipation. The convection
heat transfer from the resistor to the liquid helium environment is assumed negligible.
Separating the variables and integrating both sides, Equation (3.6) becomes
T(t) t
Cf (T)S(T)mshdT = V2(t)dt (3.7)
4.2K 0
Using the data given by Gopal for the specific heat Ch [8] and assuming the resistance
S(T) varies linearly between two data points - 29.5 ml at 300 K and 22.5 mQ at 77 K -
all the quantities in the above equation are known and the resistor temperature as a function
of time, T(t) , can be evaluated by the method of numerical integration. Figure 3-6a shows
the result. The temperature of shunt resistor starts to rise at approximately t=-0.45 s when
the induced current in Coil 1 develops heating in the shunt resistor. When Coil 1 quenches
shortly after t=-0.8s, the current flow in the resistor is higher, generating more heat and thus
increasing the temperature at a faster rate. The temperature of the resistor at the end of 1.2
s is found to be 135 K; the corresponding resistance is 24 mi.
Taking into consideration the dependence of shunt resistance on time, the modified
current flow in the circuit is plotted against time in Figure 3-6b. Now the current in Coil 1
decays without entering the negative regime, as required.
Figure 3-7 shows the results of another test performed at a transport current of 150A
for the 10-mm Coil 1. The voltage traces in Figure 3-7a and the current traces in Figure
3-7b show that Coil 2 and Coil 3 exhibit the same initial quench behavior as that of the
quench event with the 100-mm Coil I shown in Figure 3-5. However, a clear difference
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(a) Temperature of shunt resistor attached to the terminals of
Coil 1 as function of time. High voltage developed during
quench in Coil 1 raises the temperature of the resistor. (b)
Modified current trace of the AC loss experiment for the
100-mm Coil I at the transport current of 150 A.
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Figure 3-7 Voltage and current traces of an AC-loss induced experiment
performed on the 10-mm Coil 1 at a transport current of
150 A.
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here is that the 10-mm Coil 1 never quenches: it is able to sustain the current up to
approximately 190A, at which point a peak field at Coil 1 is 3.4 T. This means that the AC
losses in Coil 1 were insufficient to drive Coil 1 normal. This result proves that at an
operating current of 150 A, AC losses are greater in the 100-mm Coil I than in the 10-mm
Coil 1, confirming the predictions of theory which states that conductors with shorter twist
pitch lengths generate less AC losses.
The effect of twist pitch length on AC losses can also be observed in Figure 3-8 which
shows the results of another set of experiments conducted at a current of 175 A. Although
both test coils quenched at this current, the difference in quench behavior is clear. The
10-mm Coil 1 quenched at 200 A, while the 100-mm Coil 1 quenched earlier at 188 A. In
each instance, the peak field in Coil 1 at the time of quench initiation was 4.1 T. Note that
currents in Coils 2 and 3 are different for two cases. This again is in agreement with theory
that "coupling" loss increases with twist pitch length.
3.4 Quench Simulation Model
A theoretical model that predicts the AC-loss induced quench behavior of
superconducting magnets has been developed by Takeuchi. This model incorporates both
the AC losses and Joule heating as sources of quench. The main approach embodied in
this quench simulation is evaluation of the temperatures, magnetic fields, and current
densities at a local region within the winding and comparison of them with the region's
critical values. The temperature, T, is dictated by the following two-dimensional power
density equation in cylindrical coordinates:
dT Id d d d
cp I rk + kz T + qAC + qjule + qcoolng (3.8)dt r dr dr dz dz
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Figure 3-8 Current traces of an AC-loss induced experiment at the
transport current of 175 A for (a) 10-mm Coil 1 (b) 100-mm
Coil 1.
where r and z are the cylindrical coordinates; k,r and kz are the thermal conductivities in the r
and z directions, respectively; c is the specific heat; and p is the material density. The heat
generation due to AC losses, qAc, is the combination of hysteresis loss, coupling loss, and
eddy current loss and is equivalent to the total AC losses, P,,,, presented in Section 2.4.
Evaluation of typical magnitude of the individual losses (shown in Appendix A) indicates
that coupling loss dominates the other components for Coil l's tested in this experiment.
Therefore, hysteresis and eddy current loss are not considered in this analysis. qjoue, is the
resistive Joule heating in the conductor. Since Coil 1 is operated in a bath of liquid helium,
the coil's cooling at surface, represented by qc,,,ng, is evaluated for the boiling heat
transfer, described by
qcooling = h(T - T,) (3.9)
where h is the boiling heat transfer coefficient, T. the coolant temperature, and T, the coil
surface temperature. The transient heat flux data used in the analysis are presented in
Figure 3-9.
The specific heat, density and thermal conductivity in Equation (3.8) are temperature-
dependent parameters which are different for each of the three materials making up the
winding: superconductor (NbTi), matrix (copper), and epoxy resin. To simplify the
solution to Equation (3.8), the conductor is assumed to be of a single material having
uniform averaged properties. For the specific heat term in Equation (3.8), area-averaged
volumetric heat capacity, denoted as cp,,g, is used. It is defined by
A, (cp),
CPavg = (3.10)
where A, is the cross sectional area of i and (cp)i is the volumetric heat capacity of material
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Figure 3-9 Transient boiling heat transfer flux from coil surface to liquid
helium as a function of temperature difference between coil
surface and the coolant.
constituent i. The averaged value of thermal conductivity, k,,v, used for the conductor in
the r and z directions is defined by
kv = (3.11)
where 6i and ki are the thickness and thermal conductivity, respectively, of material
constituent i. Figures 3-10a and 3-10b show the temperature-dependent heat capacity and
thermal conductivity data incorporated in the simulations.
Although the use of averaged material properties greatly simplifies Equation (3.8), no
solution exists in an explicit form, and therefore a numerical technique must be employed.
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Figure 3-10 Temperature dependence of material properties used in the
simulation code (a) Volumetric heat capacity (b) Thermal
conductivity.
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There are two time-dependent parameters, namely temperature and current, that necessitate
the use of a finite difference equation. The time derivative of temperature in the left side of
Equation (3.8) represents the rate of change in internal energy of a local region. The time
derivative of current is associated with the qAC term which strongly depends on the time
rate of change in magnetic flux density (Equation 2.12). Since the local magnetic field is
proportional to the weighted sum of time-dependent coil currents, solving time-derivative
flux density reduces to solving time-derivative currents. The time derivative of these two
parameters can be calculated with a simple, backward finite-difference scheme
dT) T(t,) - T(t i,_) (3.12)
d\t ,i At
dl) I (t) - I(t - ) (3.13)
d• ti At
where the subscripts i and i-1 refer to the ith and (i-1)th step of the numerical calculation,
respectively.
In addition to the local temperature, magnetic field, and current, the simulation code
can also predict the terminal voltage and total resistance for each coil from the circuit
equations presented in Section 3.1
Vi (t ) = Si (lo- Ii (t)) (3.1)
dl
M - + RI = V (3.3)
dt
A key parameter needed to solve the circuit equations is the electrical resistivity of
copper matrix. In addition to its dependence on temperature, the resistivity is also affected
by impurities and crystalline defects in the material. The measure for this imperfection is
quantified by a residual resistivity ratio, RRR, which is the ratio of the electrical resistivity
at 273 K to that at 4.2 K. The electrical resistivity also depends on magnetic field. Its field
dependence is depicted in Figure 3-11 which shows that in general RRR of copper
decreases with increasing magnetic field. An accurate modeling of this field dependence of
copper electrical resistivity is required in the simulation because the coupling loss is
inversely proportional to resistivity according to Equation (2.9). Furthermore, the time rate
of field change on Coil 1 is determined by the current decay rates in Coils 2 and 3, which in
turn depend on RRR. Because RRR is field-dependent, the net effect is that coupling loss
in Coil 1 is strongly affected by RRR. A zero-field RRR value of 100 and its dependence
on field, shown in Figure 3-11, are used in the simulation.
The voltage traces of the 10-mm Coil 1 (solid lines) at a transport current of 150 A are
shown again in Figure 3-12a along with results of simulation (dotted lines). There is good
agreement between experiment and computer analysis. The simulation correctly predicts
the absence of quench in Coil 1. Furthermore, inflections in each trace agree reasonably
well. There is, however, some discrepancy after about t=0.5 s. Among many sources of
uncertainties that may account for the disagreement, one is the assumption used in the
simulation that the shunt resistance across the terminals of each coil remains constant.
Another comparison is shown in Figure 3-12b for the 10-mm Coil 1 at 175A. Again,
agreement between measurement (solid lines) and simulation (dotted lines) is good.
Discrepancy is most noticeable, however, later at higher voltages across Coil 1 when
heating is intensified in the shunt resistor.
The computer code is also tested against results of the 100-mm Coil 1 at transport
currents of 150 A and 175 A, as indicated in Figure 3-13. Here too the agreement is quite
remarkable.
The above results clearly validate the central premises of the model: 1) AC losses play
significant roles in accelerating normal zone propagation in adiabatic magnets; and 2) of
three sources of AC losses filament coupling is the most dominant and hence filament twist
pitch length is the key parameter.
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Figure 3-11 Dependence of copper residual resistivity ratio (RRR) on
magnetic induction [2].
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Figure 3-12 Voltage traces of experimental (solid lines) and simulation
(broken lines) results of AC-loss induced quench in 10-mm
Coil I initially carrying a transport current of (a) 150 A(b) 175 A.
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Chapter 4
Conclusion
AC losses in adiabatic coils wound with composite conductors has been found to be a
strong function of the filament twist pitch length. Of the three components of AC losses
discussed - hysteresis loss, coupling loss, and eddy current loss - coupling loss can
play the dominant role in promoting normal zone propagation in coils. Because the
coupling loss is directly proportional to the square of the filament twist pitch length, a coil
wound with a conductor having a short twist pitch length experiences samller AC-loss
induced heating and thus slower quenching processes than a coil wound with a conductor
having a longer twist pitch length. Therefore, filament twist pitch length is a critical
parameter in controlling quench process in a coupled magnet system comprised of adiabatic
coils.
The dependence of AC losses on filament twist pitch length is confirmed in a theoretical
model that predicts AC-loss induced quench behavior of coils. Close agreement between
experiment and analysis indicates the validity of the model. The model also identifies the
coupling loss as the dominant source of quench.
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Appendix A
Calculation of Typical Magnitude of AC losses
The total AC losses, P,,, in the test coil subjected to time-varying external magnetic flux
density is presented in Section 2.4 as summation of the three individual losses
Ptrt = I(Qh,.s) + P + P, (2.11)
The hysteresis loss expressed in the first term can be expressed in conjunction with
Equation (2.1) as
Pt d [ Qhv.']d
d 2 I,
dt3 IQ
All the quantities in the bracket are independent of time except the field change AB.
Assuming its time derivative is 1 T/s and using the following values
Jc = 2 x 109 A/m 2 (at 5 T)
a.c= 22.2 gm
the maximum value Ph,,, can take is
Phys = 6.0 x 104 W/m 3
Knowing that there are 55 filaments in the composite, the hysteresis power loss per unit
length of conductor is determined to be 5.1 x 10-3 W/m.
The magnitude of coupling loss, Pc, is given by
12
P PC+A ) B12p .Pm (27r) (2.9)
For the following values
pm = 1 x 10-'. Um (at 5 T)
A = 0.44
= 1 T/s
1, =.lm
the coupling loss per unit length of conductor is calculated to be 7.8 x 10-1 W/m.
The magnitude of eddy current loss, P, is given by
P,- I[ aa)2 + (bh)2 (2.10)
Using the following values
pi = 1 x 10-m0 m (at 5 T)
a = b = 500 gim
Ba = B, = 1T/s
the eddy current loss per unit length of conductor is calculated to be 3.2 x 10-4 W/m.
This result shows that the magnitude of coupling loss is at least two orders of magnitude
greater than the other losses, rendering the effect of hysteresis and eddy current loss
negligible in the analysis.
